Tax protein of human T-cell leukemia virus type 1 (HTLV-1) is a potent transcriptional regulator which can activate or repress speci®c cellular genes and has been proposed to contribute to leukemogenic processes in adult T-cell leukemia. The molecular mechanism of Taxmediated trans-activation has been well investigated. However, trans-repression by Tax remains to be studied in detail, although it is known to require a speci®c DNA element such as E-box or p53 binding site. Examining possible mechanisms of trans-repression, we found that co-expression of E47 and p300 activated E-box dependent transcription and this activation was eciently repressed by Tax. In this system, Tax bound to p300 and decreased the level of p300 complexed on the E-box element. Similarly, Tax inhibited transcription directed by p53 and CBP, reducing the level of CBP on the p53 binding site. These results indicate that Tax interferes with recruitment of CBP/p300 into protein complexes on E-box and p53 binding site through its binding to CBP/ p300. In contrast to these ®ndings, we observed that Tax increased the level of CBP on the viral 21-bp enhancer which is trans-activated by Tax. From these observations, we propose a universal mechanism for Taxmediated trans-repression and trans-activation of transcription in which Tax binds to CBP/p300 and determines the accessibility of CBP/p300 to protein complexes on speci®c DNA element.
Introduction
Human T-cell leukemia virus type 1 (HTLV-1) (Poiesz et al., 1980) is an etiologic agent of adult T-cell leukemia (ATL) (Hinuma et al., 1981; Yoshida et al., 1982) . The virus-encoded regulatory protein Tax is critical for HTLV-1 replication and is thought to contribute to ATL development (Yoshida, 1993) . Tax has been shown to immortalize T lymphocytes and transform rodent cells (Grassmann et al., 1989; Yamaoka et al., 1996) . Transgenic mice that express Tax in mature T lymphocytes developed large granular lymphocytic leukemia, showing that Tax has the capacity to induce leukemia (Grossman et al., 1995) .
Tax was originally identi®ed as a transcriptional activator for viral gene expression and then was shown to activate a wide variety of cellular genes (Yoshida et al., 1995) . Tax was also demonstrated to inhibit expression of several genes. In addition to the transcriptional deregulation, we found that Tax binds to p16ink4a protein, a cyclin-dependent kinase (CDK) inhibitor, and suppresses its inhibitory activity preventing the cell from undergoing growth arrest (Suzuki et al., 1996) . These pleiotropic functions of Tax aect multiple regulatory processes of cells and are believed to play roles at least in the initial stage of leukemogenesis induced by HTLV-1 infection.
Tax has shown to activate transcription through distinct enhancer DNA elements by interacting with speci®c cellular transcription factors including CREB, NF-kB and SRF (Fujii et al., 1992; Suzuki et al., 1993 Suzuki et al., , 1994 Zhao and Giam, 1992) . Furthermore, Tax interacts with a transcriptional coactivator, CBP, which binds to the phosphorylated form of CREB (Chrivia et al., 1993) . Through these binding capacities, Tax functions as a linker between CREB and CBP in a phosphorylation-independent manner on the viral enhancer, the 21-bp element (Giebler et al., 1997; Harrod et al., 1998; Kwok et al., 1996; Lenzmeier et al., 1998) .
CBP and p300 belong to a family of coactivators which have a large network of interactions with many cellular transcription factors in a signal-dependent and sometimes mutually exclusive fashion (Shikama et al., 1997) . To date, steroid and retinoid hormone receptors, CREB, c-Jun, c-Myb, Sap-1a, c-Fos, MyoD, p53, Stat-1/2, NF-kB, pp90rsk, TATA-binding protein, and TFIIB have been found to interact with CBP and/or p300 (Shikama et al., 1997) . In addition to interactions with transcription factors, CBP/p300 possess intrinsic histone acetylase (HAT) activity for all four core histones (Bannister and Kouzarides, 1996; . For this reason, they are suggested to induce an alteration of the nucleosomal structure where they anchor through DNA binding proteins. The HAT activity presumably releases promoter sequences from the repressive eect of the nucleosome and renders them accessible to basal transcription factors and RNA polymerase II for transcriptional initiation.
On the other hand, recent evidences indicate that interference with normal CBP/p300 function can result in a variety of diseases including cancer (Giles et al., 1998) . Alterations of CBP gene have been implicated in hematological malignancies as well as congenital malformation in the Rubinstein-Taybi syndrome which is associated with an increased predisposition to cancer (Borrow et al., 1996; Petrij et al., 1995; Sobulo et al., 1997) . Mutations of the p300 gene have been implicated also in leukemia and gastric and colorectal carcinoma (Ida et al., 1997; Muraoka et al., 1996) . Therefore, it can be postulated that binding of Tax to CBP/p300 might cause profound eects on cellular gene regulation, cell growth and transformation.
In contrast to its transcriptional activation, the molecular mechanism of Tax-mediated transcriptional repression has not been elucidated. Tax is reported to repress the transcription of several genes including DNA polymerase b, lck and bax Jeang et al., 1990; Lemasson et al., 1997) . It is also suggested that trans-repression by Tax is mediated by E-box in the promoter regions of these three genes Lemasson et al., 1997; Uittenbogaard et al., 1994) . Recently we found that a CDK inhibitor, p18ink4c gene, is also trans-repressed by Tax (manuscript in preparation). Deletion and mutation analysis of the p18ink4c promoter revealed that E-box element is responsible for Tax transrepression, consistent with the previous reports. Another cis-regulatory element trans-repressed by Tax is the p53 response element. It was reported that p53 response element showed decreased activity in HTLV-1 infected cells, and furthermore, that Tax reduced p53-dependent transcriptional activity (Akagi et al., 1997; Mulloy et al., 1998; Pise-Masison et al., 1998a) . Since DNA polb, lck, p18ink4c, bax and p53 are involved in DNA repair, the cell cycle and apoptosis, their downregulation by Tax is thought to contribute to the abnormal cell growth of HTLV-1-infected cells leading to transformation.
In this paper, we studied the mechanism of transcriptional repression by Tax, and report here that expression of Tax inhibited p300-dependent transcriptional activity of E47, interfering with recruitment of p300 onto E-box. Similar results were obtained for CBP-mediated transcription through the p53 binding site. These data indicate that Tax binds to CBP/p300 and interferes with its recruitment onto the speci®c DNA element, resulting in transcriptional repression.
Results
Repression of E-box and p53 binding site-dependent transcription by Tax Previous studies have suggested the involvement of Ebox in Tax-mediated trans-repression, and we have found that Tax repressed transcription of p18ink4c gene through the E-box element in the promoter region of p18ink4c gene (manuscript in preparation). To examine whether the E-box element is sucient for transcriptional repression by Tax, we constructed a reporter plasmid containing four copies of p18ink4c Ebox element and the promoter of herpes virus thymidine kinase (tk) gene. This reporter, p18 E-boxtk-Luc, was cotransfected into CV-1 cells with or without Tax expression plasmid. Increasing amounts of Tax expression plasmid repressed luciferase expression, indicating that p18ink4c E-box sequence was sucient for Tax-mediated repression even in combination with a heterologous promoter (Figure 1a) . A mutation in the E-box sequence abolished the response to Tax (data not shown). Similar results were obtained using other cell lines such as HeLa and Jurkat (data not shown).
The p53 binding site is reported to be another cisregulatory element trans-repressed by Tax, since the p53 response element has reduced activity in HTLV-1-infected cells. Furthermore, Tax was shown to suppress p53-dependent transcriptional activity Tax inhibits CBP/p300 function T Suzuki et al (Akagi et al., 1997; Mulloy et al., 1998; Pise-Masison et al., 1998a) . To con®rm this result, we used a reporter, p53BS-tk-Luc, which contains four repeats of the p53 binding sequence upstream of the tk promoter and luciferase gene. This reporter gene was cotransfected with the p53 expression plasmid into the p53 null cell line SaOS2 ( Figure 1b ). Basal expression of this reporter construct is very low, and expression of p53 induced strong upregulation of luciferase expression. Co-expression of Tax with p53 expression plasmid eciently inhibited the ability of p53 to activate transcription in a dose-dependent fashion. This result was not due to reduction of p53 expression, because cells cotransfected with Tax and p53 expressed almost the same amount of p53 as cells transfected with p53 alone (data not shown). In this repression, the possibility that Tax inhibited the DNA binding capacity of p53 has been excluded, since Tax did not aect the level of p53 bound to the DNA element as discussed later ( Figure 4d ).
Absence of Tax in protein complexes on E-box or p53 binding site
Since Tax was shown to associate with DNA binding proteins in the trans-activation (Suzuki et al., 1993 (Suzuki et al., , 1994 , it was suspected that Tax might be included in protein complexes on E-box or p53 binding site for trans-repression. To examine such a possibility, we performed DNA anity precipitation assay using E-box or p53 binding site as a probe (Figure 2 ). Biotinylated DNA probe containing p18ink4c E-box or p53 binding site was incubated with a nuclear extract of Hut102 cells, an HTLV-1-infected cell line. Protein complexes formed on the DNA probe were recovered by magnet beads conjugated with streptavidin, and then analysed by immunoblotting for the presence of Tax. As shown in Figure 2 , Tax was not detected when E-box or p53 binding site was used (lanes 5 and 7). In contrast, when wild type 21-bp or NF-kB sequence was used, Tax was detected in protein complexes (lanes 1 and 3), but mutant probes did not give rise complexes with Tax (lanes 2 and 4). These results con®rmed the speci®city of the Tax binding to the complexes and previous results in Tax transactivation (Suzuki et al., 1993 (Suzuki et al., , 1994 . Therefore, it was concluded that Tax is not included in protein complexes on E-box and p53 binding site, suggesting that Tax inhibits transcription without forming a stable complex on the speci®c DNA element.
Inhibition of CBP/p300-directed transcription by Tax
It is reported that some E-box binding proteins such as E47 and MyoD cooperate with coactivator CBP/p300 to stimulate E-box-directed transcription (Eckner et al., 1996) . p53 was also shown to interact with CBP/p300 for potentiation of its transcriptional activity (Avantaggiati et al., 1997; Gu et al., 1997; Lill et al., 1997) .
Since Tax is reported to bind to CBP/p300 (Bex et al., 1998; Kwok et al., 1996) , we examined the possibility that Tax binding to CBP/p300 aects its function in these two systems.
To examine this possibility, we examined a transcription factor E47 as a potential E-box binding protein, because it was detected in the DNA binding protein complex of p18ink4c E-box element in a nuclear extract of HTLV-1-infected cells (data not shown). When a reporter plasmid, p18 E-box-tk-Luc, was cotransfected into NIH3T3 cells with expression vector of E47 or p300, luciferase expression was not signi®cantly aected. However, when both E47 and p300 were cotransfected, high expression was observed (Figure 3a) . When Tax was expressed in this system, an ecient reduction of luciferase expression was observed, indicating that Tax inhibited the synergistic activation by E47 and p300 (Figure 3a) .
We also performed a similar assay using a p53-dependent system with a p53-responsive reporter, p53BS-tk-Luc, and SaOS2 cells (Figure 3b ). Expression of p53 alone enhanced luciferase expression to some extent; however, coexpression of CBP with p53 further enhanced the transcriptional activity of p53, con®rming previous reports (Avantaggiati et al., 1997; Gu et al., 1997; Lill et al., 1997) . Additional expression of Tax suppressed the elevated expression of luciferase, indicating that Tax interfered with the synergistic activation by p53 and CBP (Figure 3b ).
Interference with CBP/p300 recruitment onto E-box and p53 binding site
To investigate the molecular mechanism of Tax inhibition of CBP/p300-mediated transcriptional activation, we analysed the amount of CBP/p300 in the DNA binding protein complexes on E-box and p53 binding site by DNA anity precipitation assay (Figure 4) . The expression plasmid for E47 was transfected into CV-1 cells with p300 or Tax, or both expression plasmids, and the nuclear extract prepared from these cells was tested for protein complex formation on E-box of p18ink4c gene. The isolated protein complexes were analysed by immunoblotting for the presence of E47, p300 and Tax. As seen in Figure 4 , a signi®cant level of E47 was bound to p18ink4c E-box probe, and the level was not aected by expression of p300 and Tax. Endogenous p300 was not detected in the complexes under the conditions used in these assays, but exogenously expressed p300 was present in the DNA binding protein complexes (Figure 4c ). The recruitment of p300 onto DNA was dependent on the binding of E47 to E-box, since exogenous p300 was not detected in the complexes without expression of E47 (Figure 4a and c, lane 5). These observations suggest that E47 interacts with p300 directly or indirectly and recruits it onto Ebox DNA element. Coexpression of Tax signi®cantly reduced the level of p300 in the complex (Figure 4c , lane 4). Since Tax did not reduce the expression of p300 in the cells (data not shown), these results indicate that Tax inhibited recruitment of p300 into protein complexes on E-box.
Similar results were obtained with p53 binding site (Figure 4d ± f) . In this system, both endogenous and exogenous CBP were detected in protein complexes on the p53 binding site, and the level of CBP in the complexes was reduced by coexpression of Tax ( Figure  4f) .
Furthermore, in the lysates in which the level of CBP/p300 on the DNA elements was decreased by Tax expression, the complex of Tax and CBP/p300 was detected by coimmunoprecipitation assay ( Figure 5a , lane 4; b, lanes 2 and 4). From these observations, we concluded that Tax bound to CBP/p300 and interfered with the interaction between E-box binding proteins or p53 and CBP/p300, resulting in a decrease of CBP/ p300 recruitment onto the DNA elements.
Enhancement of CBP recruitment onto viral 21-bp enhancer
As described in the previous section, the binding of Tax to CBP/p300 inhibited the recruitment of CBP/ p300 into the protein complex on the E-box and p53 binding site, which are trans-repressed by Tax. To substantiate this conclusion, we carried out similar Figure 4 Identi®cation of proteins complexed on DNA elements. Expression plasmids for E47, p53, CREB, p300, CBP and Tax were transfected into CV-1 in combinations as indicated and nuclear extracts were prepared. The nuclear extracts were incubated with a biotinylated DNA probe either of p18ink4c Ebox (a, b and c) or p53 binding site (d, e and f) or HTLV-1 21-bp element (g, h and i). Protein complexes formed on the DNA probe were isolated and analysed by immunoblotting with anti-E47 (a), anti-p53 (d), anti-CREB (g), anti-Tax (b, e and h), antip300 (c), or anti-CBP (f and i) Figure 3 Eect of Tax on CBP/p300-directed transcription. (a) Inhibition by Tax of transcriptional activation directed by E47 and p300. NIH3T3 cells were transiently cotransfected with p18 E-box-tk-Luc (3 mg), E47 (2 mg), pCG-p300 (4 mg) and pCG-Tax (0.5 mg) in combination as indicated. (b) Inhibition by Tax of CBP-enhanced p53 transcriptional activity. SaOS2 cells were transiently cotransfected with p53BS-tk-Luc (2 mg), pCG-p53 (0.2 mg), pCG-CBP (4 mg) and pCG-Tax (0.5 mg) in combination as indicated. All results represent mean+standard error (error bars) from three independent experiments Tax inhibits CBP/p300 function T Suzuki et al experiments with the viral 21-bp enhancer, which is eciently trans-activated by Tax. As shown in Figure 4i , in contrast to the results of p53 binding site, CBP was not detected in the complex on the 21-bp probe even when CBP was expressed exogenously. On the other hand, in the presence of Tax (Figure 4h ), a signi®cant level of CBP was detected in the DNA binding protein complex even with endogenous CBP (Figure 4i ). The level of CBP in the complex was further increased with exogenous expression of CBP. These results clearly indicate that Tax enhanced the recruitment of CBP into the protein complex on the 21-bp enhancer. This would be mediated by the high anity binding of Tax to CREB bound to the 21-bp enhancer. These results are consistent with previous reports (Giebler et al., 1997; Harrod et al., 1998; Lenzmeier et al., 1998) providing further direct evidence for ecient recruitment of CBP onto the enhancer.
Furthermore, it was demonstrated that the level of CBP/p300 in the DNA binding protein complexes seems to be correlated with the transcriptional activities of the responsive elements including 21-bp, E-box and p53 binding sites. From these observations, we therefore propose that Tax binds to CBP/p300, and its ®nal eect may be determined by whether Tax recruits or sequesters CBP/p300 in the given system of transcription.
Discussion
In this report, we analysed the molecular mechanism of transcriptional repression by Tax through E-box and p53 binding site. Since E-box binding proteins and p53 cooperate with coactivator CBP/p300 for transcription, we hypothesized that Tax antagonizes CBP/p300 function, and demonstrated that Tax binds to CBP/ p300 and interferes with the recruitment of CBP/p300 into protein complexes on E-box and p53 binding site.
Based on this conclusion together with other ®ndings in this study, we propose a universal model for Tax-mediated transcriptional activation and repression. For trans-activation, Tax binds to CBP/p300 and recruits them onto CRE-containing enhancer, for example the 21-bp enhancer, through binding to transcription factors such as CREB and CREM, since Tax has a high anity to CREB and CREM. For trans-repression, on the other hand, Tax binds to CBP/ p300 but can not recruit them onto the responsive elements, since Tax has no anity to p53 and to E47 or E47-associated protein on the DNA elements. Therefore, Tax binding to CBP/p300 results in squelching them from transcription system directed by E-box and p53 binding site. In other words, Tax utilizes CBP/p300 for both transcriptional activation and repression and its ®nal eect depends on the capacity of Tax to recruit CBP/p300 onto the DNA element. Since CBP/p300 appear to be present at limiting level in cells and serve as integrators of numerous signaling processes by interacting with many cellular transcription factors (Shikama et al., 1997) , targeting by Tax for the intracellular CBP/p300 has potentially global eects in the deregulation of gene expression in HTLV-1-infected cells.
Other possible mechanisms for trans-repression have recently been proposed by other groups: In the case of p53-dependent transcription, it has been reported that p53 protein is phosphorylated in HTLV-1-transformed cells, possibly leading to p53 inactivation (Pise-Masison et al., 1998b) . However, little detailed information has been reported; therefore, this possibility is worth exploring rigorously. Another possibility is that Tax and some transcription factors such as c-Myb bind to the same KIX domain of CBP and compete with each other, thus resulting in down-regulation of transcription (Colgin and Nyborg, 1998). However, our results on p53 cannot be explained by a simple model of binding site competition, because the p53 binding site on CBP is not located in the KIX domain, but in the C-terminal domain (Gu et al., 1997) . Thus, our study indicates that Tax has more profound eects on many CBP-binding transcription factors other than KIX domain binding factors.
Elucidation of the mechanism of Tax-mediated transcriptional repression seems to be important in understanding the leukemogenic mechanism for ATL development, since trans-repression of genes such as DNApolb, p18ink4c and bax is suggested to be linked to abnormal cell proliferation. Similarly to Taxmediated trans-repression, the interaction of other oncogenic viral proteins with CBP/p300 has been proposed for the adenovirus E1A protein and SV40 large T antigen. They also bind to CBP/p300 and interfere with CBP/p300-directed transcription (Shikama et al., 1997; Yang et al., 1996) . These properties of the DNA viral oncoproteins are thought to play roles in induction of abnormal cell growth and transformation. These similarities among viral transforming proteins that are evolutionarily dierent suggest that interaction of Tax with CBP/p300 may play a role in induction of abnormal cell phenotypes of HTLV-1-infected T cells.
A critical role for CBP/p300 in leukemogenesis has also been described recently (Giles et al., 1998) . Alterations of CBP/p300 gene by chromosomal translocation have been implicated in hematological malignancies as well as in gastric and colorectal carcinomas. Tax binding to CBP/p300 and its functional suppression might mimic the genetically Figure 5 Binding of Tax to CBP/p300 in nuclear extract used for analyses of protein complexes on speci®c DNA element. The same nuclear extracts as used in Figure 4 were immunoprecipitated (I.P.) with anti-Tax antiserum followed by immunoblotting (W.B.) with anti-p300 (a) or anti-CBP (b) antibodies Tax inhibits CBP/p300 function T Suzuki et al induced-deregulation of CBP/p300 genes observed in malignant cells.
All these comparisons with previous reports suggest that Tax binding to CBP/p300 would eectively operate to disrupt the transcription regulatory networks in which CBP/p300 are involved. These Taxdependent eects on CBP/p300 function might cause profound eects on cellular gene regulation and cell growth, and could be linked with cellular transformation and ATL. Further characterization of the consequences induced by the interaction of Tax and CBP/p300 would provide insights into the mechanisms of Tax-induced cellular transformation.
Materials and methods

Plasmid constructs and antibodies
The tk-Luc plasmid which expresses the luciferase protein from the herpes virus thymidine kinase promoter was provided by Dr K Umesono, Kyoto University. For construction of p18 E-box-tk-Luc reporter, an oligonucleotide of E-box binding site in the human p18ink4c promoter [CATGGATCTGGCAGGTGCGAGGCCGAG] was synthesized, tandemly ligated four times and cloned into the SalI site of tk-Luc. Similarly, four repeats of p53 responsive element [ACGTTTGCCCTTGCCTGGACTTGCCTGGCC-TTGCCTT] were cloned into the same site, generating p53BS-tk-Luc. An expression plasmid for p53 was constructed by cloning NcoI ± BamHI fragment of human p53 cDNA into pCG vector carrying cytomegalovirus promoter. Tax expression plasmid was described previously (Suzuki et al., 1994) . The expression plasmids for CBP and p300 were obtained from Dr S Ishii, Tsukuba life science center, RIKEN, and the expression plasmid for E47 from Dr K Semba, University of Tokyo. The anti-Tax and anti-CREB antisera were reported previously (Suzuki et al., 1993) . The anti-p53 (DO-1, #sc-126), anti-E47 (N-649, #sc-763), anti-CBP (C-20, #sc-583) and anti-p300 (C-20, #sc-585) antibodies were obtained from SantaCruz Biotech. and were used for immunoblotting.
Cell lines, transfection and luciferase assay HTLV-1-transformed cell line HUT102 was grown in RPMI 1640 medium supplemented with 10% fetal calf serum. Cell lines HeLa, SaOS2 and CV-1 were maintained in Dulbecco modi®ed Eagle medium (DMEM) supplemented with 10% fetal calf serum. The mouse NIH3T3 cell line was grown in DMEM and 10% calf serum.
Transient transfection experiments were carried out according to the standard calcium phosphate precipitation procedure as described previously (Suzuki et al., 1993) . A mixture of DNAs as described in the legend of each ®gure was transfected, and the total amount of DNA was equalized by adding the control vector plasmid. Luciferase activity was assayed 24 h post-transfection according to the manufacturer's procedure. Brie¯y, cells were collected, washed with PBS, and solubilized in 100 ml reporter lysis buer (Promega). The 5 ml cell extract was added to 100 ml luciferase substrate (Promega), and luciferase activity was measured with a Bertholdt luminometer. Cotransfection of RSV-CAT reporter construct, which was not aected by Tax, was performed to normalize for transfection eciency. All Luc transfection experiments were carried out at least three times. Typical results are shown in Figures 1 and 3 .
DNA anity precipitation assay
Biotinylated DNA probes containing each cis-regulatory element were prepared by the polymerase chain reaction of the reporter plasmids using 5'-biotinylated primers complementary to the junction regions of the plasmids. Cell extracts were prepared as described previously (Suzuki et al., 1993) by lysing cells in buer containing 0.5% NP-40 and extraction of nuclei with 0.4 M NaCl. Biotinylated DNA probe was mixed with nuclear extract and incubated for 30 min on ice as described previously (Suzuki et al., 1993) . All reaction mixtures contained double-stranded poly(dI-dC). Then, streptavidin-magnetic beads (Dynal) were added with mixing by rotation for 30 min. The beads were collected with a magnet and washed twice with buer. The DNA binding complexes isolated were subjected to SDS-polyacrylamide gel electrophoresis followed by immunoblotting.
Immunoprecipitation and immunoblotting
Nuclear extracts were prepared as described in the previous section and diluted with NETG buer (50 mM Tris-HCl, pH 7.5/150 mM NaCl/0.1% Nonidet P-40/1 mM EDTA/0.25% gelatin/0.02% sodium azide) and treated with anti-Tax antiserum. The immune complexes were collected on Protein A sepharose CL4B (Pharmacia), separated in SDS-polyacrylamide gel followed by immunoblotting. The proteins were transferred to an Immobilon membrane ®lter (Millipore), and probed with each antibody. Detection was performed with the enhanced chemiluminescence system (Amersham).
